Optical volume imaging of human cerebral cortex is challenging at the cellular scale owing to the large size of the human brain and the 3-dimensional geometry of the cortex. The 2-4mm thick cortical sheet is highly curved and packed with billions of neurons, organized in layers each hundreds of micrometers thick. Traditionally, studies on human cortical cytoarchitecture have been performed on sections with a thickness of less than 100µm. However, thin sections have no clear geometric relation to the curved cortical sheet, mostly slicing it non-orthogonal to the layer organization. Due to shape distortions and tearing inherent to the sectioning process, serial sections are extremely difficult to align post-hoc into a volume dataset.
Although a recent surge of optical clearing techniques has transformed microscopic 3D imaging of small transgenic or antibody stained rodent brains [1] [2] [3] [4] [5] [6] , translation of these techniques to the much larger adult human brain has remained a challenge.
More specifically, volume imaging and cytoarchitectonic characterization of large, adult formalin fixed brain samples, scalable in terms of time and cost to thousands of cubic millimeters in order to cover a significant portion of a human cortical area, has so far remained out of reach.
Here, we report MASH (Multiscale Architectonic Staining of Human cortex): a novel scalable nuclear and cytoplasmic labeling and optical clearing approach.
MASH is suitable for 4-5mm thick archival (i.e. formalin fixed and long-term stored) adult human cortex samples and enables high-throughput deep 3D optical imaging.
MASH consists of two innovations: 1) a set of low-cost small-molecule fluorescent dyes and cleared tissue cytoarchitecture labelling protocols (MASH dye protocols) and 2) a set of adjustable refractive index matching solutions (MASH RIMS) which enable the use of the MASH dye protocols in cleared tissue. For the MASH dye protocols, we identified four small organic compounds: acridine orange (AO), methylene blue (MB), methyl green (MG) and neutral red (NR), previously used as cytoplasmic and nuclear labels in traditional light microscopy studies e.g. 7, 8 . We developed adapted protocols for their use as fluorescent labels in large cleared human brain specimen: MASH-AO (green spectrum cell-body label), MASH-NR (red spectrum cell-body label), MASH-MB (far-red spectrum cell-body label) and MASH-MG (far-red spectrum cell-nucleus label). In order to apply the MASH dye protocols in a wide range of human cortex samples, the clearing process must be: 1) potent enough to clear highly myelinated adult human brain tissue up to 4-5 mm thickness within reasonably short time, 2) compatible with MASH dye protocols and, ideally, 3) We demonstrated that MASH can clear and label thick (4-5mm) archival adult cortex samples and that cytoarchitecture can be imaged at a variety of wavelengths, depths and magnifications (Fig. 1) . Volume imaging can be performed in the green spectrum (MASH-AO, Fig. 1a,b,d ; Supplementary Video 1), red spectrum (MASH-NR, Fig. 1c ,g,i-k) and far-red spectrum (MASH-MB, MASH-MG, Fig. 1e,f; Supplementary Video 5). This imaging can be performed at sub-micron resolutions using Two-photon microscopy (TPM) to delineate single neuron cell-body morphology and cortical layer borders (Fig. 1a-d) . Likewise, imaging can be performed over larger fields-of-view up to the entire cortical sheet with light sheet fluorescence microscopy (LSFM; Fig. 1e ,f). Clearing and staining can be performed on 5mm thick samples in a matter of 10 days and result in imaging of cytoarchitecture with low background and high signal over the full imaging depth (Fig. 1g-k) . MASH cell body labelling is well co-localized with standard Nissl stain cresyl violet (CV) in thin sections showing its labeling specificity and suitability for cytoarchitecture characterization ( Fig. 1l-n) . Labeling specificity was further validated by verifying colocalization with the DAPI nuclear stain and bright-field cytoplasmic stains ( Supplementary Fig. 1,2) .
We demonstrated the efficacy of MASH in high-throughput 3D LSFM characterization of human cortical cytoarchitecture by applying it to large (~40x30x5mm) archival samples surrounding the calcarine sulcus (Fig. 2) . The samples were large enough to be easily localized in a magnetic resonance imaging (MRI) reconstruction of the entire host occipital lobe and to contain parts of both primary (V1) and secondary (V2) visual cortical areas (Fig. 2a) . Clearing was highly effective, rendering the entire 5mm thick samples transparent with a slight amber-like tint (Fig. 2b,g ). Labeling could be achieved over the entire depth of the samples with the far-red MASH-MB cell-body stain for the anterior sample ( Fig. 2b-f ) and a twocolor labeling with the red MASH-NR cell-body stain and the far-red MASH-MG nuclear stain for the posterior sample ( Fig. 2g-i) . Multi-spectral LSFM imaging of layered cytoarchitecture could be performed at low magnification over 10-12mm long stretches of V1 and V2 cortical sheet (Fig. 2h) . Higher magnification LSFM produced mesoscale imaging volumes with both the resolution to resolve single neurons and the field-of-view to contain all layers of the cortical sheet (Fig 2c,i ; Supplementary Video 4). Planes from these volumes allowed for classification of cortical layering and sub-layering, corresponding to a histological reference atlas 11 . They displayed distinctive cytoarchitectonic features such as the cell-poor layers IVb and V in V1
( Fig. 2i) and the large pyramidal cells in layer IIIb of V2 (Fig. 2c) . High magnification light sheet imaging ( Fig. 2d; Supplementary Video 2,3) showed soma morphology features of individual neurons in the context of a deep 3D imaging stack ( Fig. 2e) with sufficient resolution for a surface reconstruction of a pyramidal neuron cell body (Fig. 2f) . Furthermore, mixtures of either 72 % WGO and 28 % CA or 62 % TDE and 38 % CA with an RI of 1.56 respectively and a solution of 38 % TDE and 62 % CA with an RI of approximately 1.58 were tested. As a control, 0.1 M PBS was used. To evaluate corrosiveness, the compatibility with selected plastic materials was checked. Several containers made from polystyrene, polypropylene, high-density polyethylene and tetrafluoroethylene were incubated for up to one week with the solutions described above.
The two MASH RIMS TDE/CA (62 % TDE and 38 % CA, RI=1.56) and WGO/CA (72 % WGO and 28 % CA, RI=1.56) were identified as having the combined desirable properties of an ideal (and adaptable) RI, low photobleaching, low corrosiveness and convenient storage at low temperature (low melting point).
These solutions render archival human brain samples highly transparent with a slight remaining amber color (Fig. 2 b,g; Supplementary Fig 5) typical for many solventbased clearing approaches. The transparency achieved with the recently described ECi 16 is similar to the WGO/CA and TDE/CA RIMS (Supplementary Fig. 3 ).
However ECi has a melting point of 6-8 ⁰C and samples cannot be stored in the fridge once immersed in the liquid. Overall the Overall the TDE/CA RIMS was preferred, because it is even less corrosive for plastic equipment than WGO/CA and had better properties for long-term cold storage (low melting point) than ECi.
Standard histological sectioning. For the optimization of the final staining protocol (described above) as well as for the validation experiments, standard histological sections of the same brain tissue were used. Therefore, manually cut blocks of human neocortical tissue were sectioned on a vibratome (VT1200 S, Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) into 50 µm thick sections.
Optimization of staining conditions for MASH dye protocols. Staining conditions
for MASH-AO and MASH-NR, in terms of pH and pre-treatment were optimized for maximum contrast (Supplementary Figure 3 and 4) . Before staining, sections were Quantitative T 2 * estimation was performed by fitting a mono exponential decay model and a 3D surface reconstruction was created using Brain Voyager QX v2.8.
Light-sheet and two-photon microscopic imaging. Before two-photon microscopic imaging (TPM), stained and cleared human brain samples were transferred to a glass petri dish, and a cover slip with water drop was placed on top of each sample. For TPM imaging experiments, a two-photon laser scanning microscope (Leica TCS SP5 MP, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany), equipped with a HCX APO L 20x/1.00W water immersion objective was used. Working distance of the objective was 2 mm and the excitation source was a 140 fs-pulsed Ti:sapphire laser (Chameleon Ultra II, Coherent Inc., Santa Clara, CA, USA), mode-locked at 800 nm.
To avoid photobleaching and tissue damage, laser power was kept at 11% resulting in approx. 25-50 mW, at the sample surface. Images and image stacks were acquired with Leica Application Suite Advanced Fluorescence (Leica Microsystems).
TPM Image acquisition settings are detailed in Supplementary Table 3 . Data availability. The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.
